Mice infected with low-virulence strains of Toxoplasma gondii or with virulent strains associated with chemotherapy become resistant to reinfection. This immunity is associated with high levels of T. gondii antibodies, increased T-cell-mediated immunity reactions, and a decreased rate of parasite multiplication inside macrophages (1, 10, 12) .
Genetically controlled differences in susceptibility to T. gondii infection were observed in inbred and congenic strains of mice and in their Fl hybrids and F2 segregants (2, 15) . An association was found on B10 background with some H-2 haplotypes. In recombinant inbred lines derived from a susceptible and a resistant strain, the intervention of a gene linked to the H-13 locus suggests a polygenic control of susceptibility (15) .
Genetic resistance or susceptibility to infections may be due to either immunological or nonimmunological mechanisms. A quantitative immune response to complex antigens, such as microorganisms, is a polygenic character (6) . Therefore, small differences are to be expected between inbred lines, which should present responses of intermediate intensity close to the modal response of outbred populations. As a consequence, it is highly probable that the differences in resistance between inbred lines of animals are due to nonimmunological factors. On the contrary, the utilization of lines of mice produced by selective breeding for maximal or minimal antibody responsiveness constitute a useful tool to investigate the importance of immunological factors in antiinfectious immunity (5) .
Five selective breedings for quantitative antibody responsiveness to different antigens were carried out. They were designated as selections I, II, III, IV, and V. In each selection, the character investigated was subject to polygenic regulation (4, 6) . Selections I and III were characterized by a large, nonspecific effect: the high and low responder lines respectively produce a maximal and a minimal anti-* Corresponding author. body response to a large number of distinct antigens of specificity unrelated to those used for selective breeding (3, 4) . In selection I, which was carried out for antibody responsiveness to heterologous erythrocytes, both antibody production and macrophage activity were greatly modified, whereas in selection III, only the nonspecific capacity for antibody responsiveness was affected. The modification of resistance to infections in the H/f and L/f responder lines of selection III therefore is due to essentially the protective role of antibodies.
The present study deals with resistance to T. gondii infection in the H/f and L/f antibody responder lines of selection III carried out for maximal and minimal antibody response to the flagellar antigen of salmonellae (13) .
MATERIALS AND METHODS
Mice. H/f and L/f mice of selection III were produced from the F31 through F34 generations of selective breeding. In selection III, the selection limit was reached at the F16 generation (4). Reciprocal interline hybrids (H/f x L/f)F1 were produced from F34 parents. The mice of selection III and the randomly bred mice used in this study were produced in the animal department of the Instituto Biologico. Each experiment was carried out in equivalent numbers of male and female mice (2 to 3 months old) maintained under the same environmental conditions.
Parasites. Two strains of T. gondii were used: the highly virulent RH strain and the moderately virulent AS28 strain. The strains were isolated and maintained as described by Sogorb et al. (14) . Tachyzoites of both strains were harvested from the peritoneal cavity after intraperitoneal injection of 2 ml of phosphate-buffered saline (pH 7.2) complemented with 5% fetal calf serum (PBSFCS). The peritoneal exudate were determined as described by Franco et al. (7) .
(ii) Inside phagocytic cells. Smears of peritoneal exudate were stained by the May-Grunwald Giemsa method. The number of parasitized mononuclear phagocytes and polynuclear phagocytes was determined with an oil immersion lens at a x 1,000 magnification. Three hundred cells of each type were examined. The mean number of tachyzoites per phagocytic cell was also scored.
RESULTS
Virulence of strains RH and AS28 of T. gondii. The virulence of T. gondii RH and AS28 was measured in terms of mortality produced in randomly bred albino mice inoculated i.p. with an increasing number of parasites (Fig. 1) .
Strain RH is much more virulent than AS28. The number of parasites required to kill 50% of the mice (LD50) was 500-fold larger for strain AS28. This great difference in virulence was also evident in terms of the survival time, which was shorter in the mice infected with strain R.H. The, kinetics of mortality suggest that strain RH multiplies faster in the infected host than does strain AS28.
Infection with T. gondii RH in H/f and L/f lines. When H/f and L/f mice were infected i.p. with 80 tachyzoites, a similar mortality rate (97%) was obtained in the two lines 10 days after infection. Only a small difference in the onset of mortality was observed, because on day 8, mortality was 44.7% in L/f and 14.7% in H/f mice. In an attempt to reduce the severity of the infection, the dose of tachyzoites was decreased to 10. Even with this very low infecting dose, a high mortality (81%) was observed in the two lines. No significant interline difference could therefore be demonstrated in the resistance to highly virulent T. gondii RH. line, interline (H/f x L/f)F1 hybrids and outbred albino mice were challenged with increasing doses of parasites. The results indicate that H/f mice present a remarkable resistance, whereas L/f mice are very susceptible to this infection ( Table 1 ). The interline difference was more than 5000-fold in terms of LD50. The resistance of Fl hybrids was intermediate between that of the parental lines. The comparison of the results in the selected lines and in outbred mice indicates an asymmetrical effect of the selection. In terms of the LD50, the resistance was 10-fold higher in H/f than in outbred mice and more than 500-fold lower in L/f than in outbred mice. The remarkable difference in resistance to T. gondii AS28 is illustrated in Fig. 2 by the kinetics of cumulative mortality produced by two doses of parasites in the two selected lines and in (H/f x L/f)F1 hybrids.
As expected, the interline difference in resistance was larger for the lower infecting dose, which produced a less severe disease, although for both inocula a 100% mortality was observed in the very susceptible L/f line. The degree of resistance of Fl hybrids was intermediate for both doses of T. gondii.
The different susceptibility of H/f and L/f mice to T. gondii AS28 was confirmed by the counts of parasites in the peritoneal exudates of animals infected i.p. Free parasites and intraphagocyte parasites were counted.
The number of free parasites in the peritoneal exudate during the initial phase of infection before the occurrence of mortality is shown in Table 2 . This number increased more rapidly in the susceptible L/f line than in the H/f line. The peak value was reached on day 5 in both lines; thereafter the parasite number dropped rapidly in H/f mice, whereas it remained at a high level in L/f mice. On the day 7, it was 12-fold higher in the L/f than in the H/f line. There was no significant interline difference in the total number of white cells contained in the peritoneal exudate, the volume of which was also similar in both lines.
T. gondii is a typical intracellular parasite of phagocytic cells. Therefore, we counted the number of parasitized mononuclear and polynuclear phagocytes and established the mean number of tachyzoites inside of the parasitized phagocytes in the peritoneal exudate.
The results of this experiment during the early phase of infection produced by intraperitoneal inoculation are summarized in Fig. 3 . On day 5, the percentage of parasitized phagocytes was larger in the L/f than in the H/f line. At this time the total number of parasites contained in 100 phagocytes was about fivefold larger in the L/f than in the H/f line.
The results presented in Table 2 and Fig. 3 demonstrate that the total parasite load in the peritoneal exudate was greater in L/f mice, which therefore received a stronger antigenic stimulation than did H/f mice.
Antibody responsiveness to T. gondii antigens in H/f and L/f lines. Antibody titers in serum were measured by the IIF assay during the course of infection induced by two doses of tachyzoites (Table 3) . Both lines produced substantial levels of antibodies in serum during the infection. However, the incidence of mortality, which was particularly high in L/f mice, even in mice receiving the lower inoculum of 102 parasites, precluded an unbiased interline comparison. During the first 2 weeks of infection, a significantly higher antibody response was observed in H/f mice. The fact that significantly lower antibody titers were found in mice inoculated with the higher tachyzoite dose (on day 10) may be related to differences in the severity of the infection. The anti-mouse immunoglobulin serum used in the IIF test detected all the immunoglobulin isotypes. Therefore, the results express the total antibody response in the two lines.
In another experiment, the titer of cytotoxic antibody in serum detected by the Sabin Feldman method was measured in H/f and L/f mice infected with 102 tachyzoites. On day 10 after infection, the cytotoxic antibody titer was 1/16 in L/f mice and 1/64 in H/f mice i.e., a 2 log2 interline difference which was similar to that obtained with the IIF assay reported in Table 3 .
These findings indicate that the interline difference in antibody response during T. gondii infection, although significant, is not very large. However, these data do not represent an accurate measure of the capacity of the H/f and L/f lines to synthesize antibodies against T. gondii antigens 12. aMean ± standard deviation (log2).
because of two interfering phenomena. First, a stronger immunogenic stimulation was produced during infection in the more susceptible L/f mice in which the parasite load was greater, as mentioned above ( Table 2 , Fig. 3) . Second, the incidence of mortality was higher in L/f mice. Both phenomena tend to decrease the interline difference in antibody responsiveness.
To obtain an unbiased measure of antibody response to T. gondii antigens, H/f and L/f mice were immunized with Formol-killed tachyzoites of strain AS28, which produced an identical immunogenic stimulation in both lines. The kinetics of antibody response, measured by the IIF assay, are shown in mice immunized intravenously (Fig. 4A) or i.p. (Fig. 4B) .
A large interline difference in antibody response was found in the two experiments (4.7 and 4.8 log2). In terms of mean titers in serum, the antibody response was about 25-fold higher in H/f than in L/f mice.
The interline difference in antibody response to the flagellar antigen of killed salmonellae, which was the selection Fig. 4 indicates that the effect of the selection on antibody responsiveness to T. gondii antigens is about 70% of that observed for the selection antigen itself.
The results in Fig. 4 demonstrate that the genetic constitution of H/f and L/f mice has a remarkable effect on their potential antibody responsiveness to T. gondii antigens. This large interline difference was reduced during the early phase of infection with living parasites (Table 3) ; nevertheless, the significantly higher antibody titers in H/f mice may be responsible for their stronger resistance against T. gondii infection ( Table 1, Fig. 2) .
If antibody response has a protective effect against the infection, there should be an inverse correlation between the antibody titer in serum and the incidence of mortality induced by T. gondii infection in the two lines of mice and in the Fl interline hybrids that were of intermediate resistance (Fig. 2) . There was, in fact, a very high correlation coefficient (r = 0.99) established by the least-square linear regression between the percentage of mortality and the mean antibody titer on day 10 after infection with 103 T. gondii tachyzoites (Fig. 5) .
No VOL. 48, 1985 difference in resistance to T. gondii infection is due to the level of antibody response. DISCUSSION H/f and L/f antibody responder lines of mice of selection III presented a similar susceptibility to infection with highly virulent T. gondii RH. When the two lines were challenged with the T. gondii AS28 of moderate virulence, the H/f line was much more resistant than the L/f line for all the infecting doses used. The LD50 was about 5000-fold higher in H/f than in L/f mice. This indicates that the phenotypic expression of genetic differences in resistance is a quantitative phenomenon which is inversely related to the degree of virulence of the infection. A similar phenomenon was observed for Salmonella typhimurium infection in the high and the low antibody responder lines of selection I (4).
Genetic differences in susceptibility to a moderately virulent strain of T. gondii were also observed among inbred strains of mice. In these strains, however, the size of the inoculum was important. In extreme instances, the most susceptible strain to a large inoculum may become the most resistant to a small one (2) . Another important difference between the present results and those obtained in inbred strains of mice concerns the dominance effect in Fl hybrids. No dominance effect was observed in (H/f x L/f)F1 hybrids, whereas there was a marked effect of overdominance of the resistance character in Fl hybrids between a susceptible and a resistant inbred strain of mice (15) .
It is probable that the stronger resistance of H/f mice to T. gondii AS28 demonstrated in the present study is due to their higher antibody responsiveness.
The protective effect of immune antibody against T. gondii infection has been well documented (11) and confirmed with monoclonal antibodies (9) . The protective role of antibody has also been recently substantiated in immunoglobulin ,u-suppressed B lymphocyte-deficient mice (8) .
The protective role of humoral immunity in T. gondii infection does not exclude the intervention of cellular immunity as well. In fact, the parasites multiply inside the macrophages, apparently by blocking phagosome-lysosome fusion (10) . Macrophages from immune animals prevent parasite multiplication. This effect can be increased or transmitted to normal macrophages by incubation with immune T lymphocytes in the presence of Toxoplasma antigens (10, 12) .
To evaluate the respective role of macrophages and antibodies in T. gondii immunity, experiments are in progress in high and low responder lines of mice of selection I. In these lines there is an inverse relationship between macrophage activity and antibody responsiveness.
